Immunoglobulin (Ig) genes specifically recruit activation-induced deaminase (AID) for 'on-target' DNA deamination, initiating either variable (V) region somatic hypermutation, or double-strand break intermediates of class switch recombination (CSR). Such breaks overwhelmingly undergo legitimate intra-Ig repair rather than rare illegitimate and potentially oncogenic junctions outside of Ig loci. We show that in human B cells, legitimate synapsis and repair efficiently join Ig genes whether physically linked on one chromosome or located apart on both alleles. This indicates mechanisms faithfully recognizing and/or pairing loci with homology in structure and accessibility, thus licensing interchromosomal trans-CSR junctions while usually preventing illegitimate interchromosomal recombination with AID off-target genes. Physical linkage of IgH genes in cis on the same allele just increases the likelihood of legitimate repair by another fourfold. The strongest force driving CSR might thus be recognition of legitimate target genes. Formation of IgH intra-allelic loops along this process would then constitute a consequence rather than a pre-requisite of this gene-pairing process. 
constant (C) genes of the heavy-chain (IgH) locus can also undergo class switch recombination (CSR) or locus suicide recombination. [2] [3] [4] CSR is mostly considered as a deletional process whereby a downstream constant region (C) gene is brought to proximity of a rearranged VDJ gene and then expressed in replacement of Cm and Cd. CSR targets highly repetitive switch (S) regions located upstream of all the C genes except Cd and is controlled by multiple signals including B-cell antigen receptor ligation, toll-like receptors ligation, cytokines and B-cell/T-cell interactions.
Regulation of CSR is under the strict dependence of the cisregulatory elements that control germline transcription (GT) from I promoters. GT precedes CSR to a given constant (C) gene, and the induction or suppression of GT by specific stimuli correlates directly with further CSR to the corresponding C gene. [5] [6] [7] [8] When transcribed as introns between I and C exons, repetitive switch (S) regions form R loops structures exquisitely targeted by AID. 9 Additional enzymes including uracil-DNA-glycosylase and exonuclease-1 can then process S regions and generate doublestrand DNA breaks (DSBs) and recombination substrates. Repair of S junctions is later dependent on the activation of the DNA damage repair and of classical or alternate non-homologous end-joining. [10] [11] [12] DNA repair during CSR is often summarized as if systematically leading to cis-recombination between paired S regions (transcribed at the same time on the same chromosome). Beside this paradigm, an alternate pathway of inter-allelic CSR was in fact shown by Kingzette et al. 13 to concur to rabbit IgA production, where allotypes of Ig V and C regions were shown at the protein level to undergo inter-allelic associations. Studying inter-allelic associations in mouse IgH transcripts also showed that a substantial proportion of CSR could occur inter-allelically and account for 7-17% of CSR events towards Ca or Cg3 in mouse B cells, with S regions demonstrated to be joined at the DNA level and with non-homologous end-joining patterns similar in cis-and trans-CSR junctions. [14] [15] [16] The IgH '3 0 regulatory region' (3 0 RR) located downstream IgH constant (C) genes is mandatory for recruiting AID at the IgH locus, both for CSR and SHM. [17] [18] [19] Before CSR, I promoter elements undergo long-range interactions with the 3'RR, which controls their physical linking and was suggested after 3C experiments to promote looping of the intervening DNA. 20 The 3 0 RR then likely stimulates transcription and accessibility of the S regions, while in addition, I promoters are targeted by various cytokine-modulated transcription factors. Altogether in activated B cells, S regions transcription occurs at similar levels on both the 'productive' and the 'non-productive' allele of the IgH locus. 21 Changes in chromatin structure of S regions then simultaneously allow CSR to take place on both Ig alleles, so that in up to 75% of switched cells, CSR on the productive allele is concomitant with intrachromosomal CSR to the same C gene on the non-productive allele. [22] [23] [24] Since transcription and promoter-enhancer interactions are cis-controlled processes, and since DNA circles made up 1 Immunology CNRS UMR7276, Limoges, France; of the looped-out cis-intervening sequences are readily detected during CSR, the 'looping-out and deletion' paradigm of intrachromosomal cis-CSR is much more intuitive than alternative trans pathways reported in rabbit and mouse. [13] [14] [15] 25, 26 In human, it is currently unknown whether inter-allelic trans-CSR also challenges the paradigm of cis-CSR. Given the growing evidence of frequent DNA deamination by AID outside of Ig genes, potentially yielding DSBs and substrates for the rare dangerous translocations that initiate lymphomas in patients, we thought that the evidence of frequent trans-CSR would be of interest. As in the mouse, activity of this pathway would suggest that human B cells efficiently control and promote legitimate rather than illegitimate repair of CSR DSBs, based on gene structure and accessibility more than on simply local inclusion of target genes within the same constrained locus. We thus took advantage of distant IgH single-nucleotide polymorphisms (SNPs) respectively located into the human JH6 and Ca1 genes, and then allelically marking two different regions of the IgH gene cluster. After identifying a healthy donor with a rare heterozygoty for both SNPs, we studied IgA H chain transcripts associating JH6 and Ca1 (the switch junction being located in the intervening intron) from peripheral blood B cells. Sequencing of IgA mature transcripts then allowed characterizing and quantifying the various associations of SNPs as cis-or trans-CSR junctions.
RESULTS AND DISCUSSION
Screening for a double heterozygous healthy donor Among 22 volunteers tested, 9 were heterozygous for the JH6 SNP rs74454466 (C/A) and a single one also showed heterozygoty for the Ca1 SNP rs1407 (C/G) ( Figure 1 ).
Switched IgA1 transcripts cloned from peripheral blood mononuclear cells or memory B cells show various allelic associations If any association was possible within a VDJH6 exon and the Ca1 sequence, four associations of alleles would be possible: the four of them were indeed observed. For each JH6 allele on one side, analysis of sequences from Ig a1 heavy-chain transcripts revealed a more frequent and preferential association with one of the two Ca1 SNPs on the other side. The preferential associations (A and B) were thus assumed to correspond to classical cis-CSR, joining each JH6 allele with a Ca1 allele located on the same chromosome ( Figure 2 ).
By contrast, the other two possible associations occurred at a lower frequency for each JH6 allele, which was then joined to the reciprocal Ca1 allele. These less frequent associations were labeled (C and D) and can thus be deduced to associate a JH6 allelic segment from one IgH locus to the Ca1 gene from the other IgH Figure 1 . Schematic of primer design for genotyping and sequencing of IgH allotypes. (a) JH6 alleles were amplified with primers flanking the polymorphisms rs74454466 and rs1950943 (white arrows) for genotyping on DNA and allowing to identify the two different JH6 alleles. Alignment of these two alleles is shown, the JH6 exons are represented in black uppercase letters, introns are in gray lowercase letters; the nonamer, the heptamer and the donor splice site are underlined. (b) Exon CH2 of the human Ca1 gene is represented, with the included SNP rs1407 (white arrow), flanked by the Ca1 forward and reverse primers. Acceptor and donor splice sites are underlined. (c) Switched transcripts after CSR can combine the various SNPs of JH6 and Ca1 CH2, to generate four different associations. Allele-specific primers (JH6 for Allele1 or JH6 for Allele2) were chosen to preferentially amplify each JH6 allele-coding sequence (in bold), while the Ca1 rev primer hybridizes with the Ca1 CH2 sequence downstream of SNP rs1407 as above. Sequences of cloned PCR products thus appreciate both JH6 and Ca1 SNP (rs74454466 and rs1407, respectively) and their various associations.
Intra-and inter-allelic CSR in human B Laffleur et al allele, that is, to result from inter-chromosomic trans-CSR ( Figure 2 ). Globally, 739 sequences were analyzed, among which 159 (that is, 21.5%) showed trans-CSR. Since multiple sequences were unmutated and could then be biased by the overrepresentation of a few B-cell clones carrying a germline JH6 segment, we decided to also focus the analysis on a subset of unique sequences, restricted to those 276 marked by somatic hypermutation of JH6. This focused analysis confirmed a high rate of trans-CSR and allowed to precisely assign 194 sequences to the IgH allele carrying the Ig Ca1 SNP 'G' (distributed into 146 sequences showing cis-CSR and 48, that is, 24.7%, with trans-CSR). Another 82 unique sequences corresponded to the other IgH allele (carrying the Ig Ca1 SNP 'C') and also fell into either cis-CSR (64 sequences) or trans-CSR (18 sequences, that is, 22%) ( Figure 2 ).
To ensure that the observed trans-associations of alleles within a1 heavy-chain transcripts were not PCR artefacts (through reannealing of imperfectly matched PCR products), we controlled that the PCR-cloning strategy did not create artificial transassociations when carried on a 50/50 mixture of cDNAs from the two forms of allelic IgH cis-CSR transcripts: above 99% of clones from this control experiment unambiguously maintained the cisassociation of the JH6 and Ca1 SNPs.
CONCLUDING REMARKS
The majority of class-switched IgH chains are derived from VH and CH genes joined through a cis-acting 'looping-out and deletion' pathway, that is, through intra-chromosomal recombination between switch regions located on the same chromosome. 21, 25 Reciprocal exchange between sister chromatids has also been proposed as a rare CSR pathway, yielding one daughter cell with a class-switched-expressed IgH locus and another daughter cell with an unswitched Cm followed with a partial C region duplication. 27 By analogy with protozoans and lower invertebrates, potential trans-splicing in mammalian B cells has also been invoked for the expression of non-IgM isotypes, but failed to be experimentally evidenced. 28, 29 Finally, beside the paradigm of cis-CSR, inter-allelic trans-CSR was observed for rabbit IgA and mouse IgG3-or IgA-producing B cells. 13, 14, 30 Using B cells from a 'double heterozygous' healthy donor, carrying two different JH6 allelic sequences and two different Ca1 alleles, we explored the frequency of trans-CSR in human by sequencing IgH a1 chain transcripts and evaluating how alleles located apart from the switch junction stayed associated or were shuffled by the CSR process.
Interchromosomal exchanges are considered rare in somatic cells, but are likely promoted by DSBs. Interestingly, although such DSBs also occur on both alleles during V(D)J recombination, interallelic recombination was not found at this stage where synapsis between RAG target sequences precedes the occurrence of DSBs. 31, 32 It is also likely that in the case of VDJ recombination, DNA breaks are mostly repaired on each allele independently, at the pro-B/pre-B stage after the repositioning of IgH alleles at unequivalent nuclear locations immediately after occurrence of the first DSBs on one allele, 33, 34 whereas in the case of CSR, a single nuclear location could attract from either allele those S regions with parallel transcriptional and accessibility status. Such a 'CSR factory' might thus both check legitimacy of repair and concentrate the synapsis and/or of repair enzymes. This would thereby promote the legitimate resolution of DSBs through either cis-CSR or trans-CSR, while avoiding junctions with non-Ig genes erroneously targeted in parallel by AID. In that sense, it is noteworthy that nuclear localization studies showed an asymmetric location of both IgH alleles in B-cell precursors (at the time of VDJ recombination), comparing with a symmetric location of alleles in euchromatin domains of resting mature B cells 35 (and in activated B cells until days 1.5 after activation). 'CSR factories' might be 'AID factories', reminiscent of SHM equally targeting both IgH alleles. 36 Such observations fit with the idea that switch regions transcribed and undergoing chromatin remodeling in a paired fashion and at close locations may interact and eventually recombine either in cis (major pathway) or in trans (alternate pathway) during a specific window of time where they are physically associated within transient CSR factories. This would also occur before one IgH locus migrates to the peripheral nuclear compartment of heterochromatin to further stay there as an excluded allele. 35 It is also interesting to point out that a recent study evaluating chromosome territories and gene proximity within haplotypes showed that there is in general no colocalization and trans-interactions of alleles in the mouse or human genome; 37 our data thus indicate a specific feature of IgH genes during CSR. Regarding the issue of legitimate vs illegitimate repair, our data are also worth comparing with a recent study by Bottaro et al., 6 in which the I-SceI endonuclease generated DSBs on chromosome 15 of activated B cells, concurrently to DSBs induced by AID on chromosome 12. 38 This study documented frequent Ig junctions on one side and frequent chromosome 15 cis-junctions on the other side, while illegitimate 12-15 translocations were only detected in about 4% of cases. 38 By contrast, we show trans-CSR as frequent, just four times below cis-CSR.
Altogether, this gives a clear indication that while cis-CSR mechanistically predominates in B cells, other mechanisms favor legitimate rather than illegitimate DNA repair, whether in cis or trans, and thus allows interchromosomal recombination to frequently occur, with trans-CSR significantly contributing to physiological class switching.
The present study of human B cells further shows trans-CSR as a general process and argues for the ability of the CSR machinery to recruit, pair and repair in a single nuclear-specialized compartment legitimate CSR targets whether or not they are cis-linked within the productive IgH locus. In that sense, it is certainly worth recalling that a number of B-cell malignancies involve aberrant CSR events, joining an oncogene with an S region from the excluded IgH allele and thus promoting B-cell transformation while Ig expression from the productive allele is unaffected. Further studies will clearly be useful in order to understand how B cells CSR factories can specifically promote synapsis between Ig genes, whether linked on the same chromatin fiber or not, rather than between Ig genes and off-targets of AID.
MATERIALS AND METHODS

Determination of informative SNPs
We searched for human SNPs located on both sides of IgH breakpoints/ junctions after CSR, that is, in both JH and the Ca1 constant gene. The reference genome sequences selected, featuring an acceptable allele frequency in human were rs74454466 (C/A, C frequency ¼ 0.69) for JH6 and rs1407 (C/G, C frequency ¼ 0.33) for Ca1, whose combination allows the detection of both SNP on the same transcripts from class-switched Ca1 genes. SNP data were downloaded in VCF format from the NCBI 1000 Genomes browser 39 and sequence analysis was achieved with Serial Cloner 2.6. Primers for cloning and sequencing the Ca1 CH2 region in order to determine Ca1 alleles were 'Ca1 for 'and 'Ca1 rev' (Table 1) . These primers flank the Ca1 gene SNP rs1407, within CH2 (C/G).
Three different JH6 forward primers were used (Table 1) . For genotyping donors on genomic DNA, the forward primer 'JH6 for DNA' was used with the 'JH6 rev primer'. These primers flank a polymorphic region of JH6 including a 1-codon insertion (SNP rs1950943, ---/GGT) and one base change (SNP rs74454466 C/A).
Once identified a donor heterozygous for JH6 (in fact simultaneously heterozygous for both JH6 SNPs rs74454466 and rs1950943), two different and specific JH6 forward primers could be used, each mostly specific for one JH6 allele, primer 'JH6 for Allele1' (including rs1950943 ---, and allowing PCR products were purified using the kit NucleoSpin Extract II (Macherey-Nagel) and cloned into Topo TA Cloning (Invitrogen) and TOP10 bacteria. Positive colonies were amplified and plasmids were purified with Nucleospin Plasmid (Macherey-Nagel). Primer 'JH6 for Allele1' (rs1950943 ---) and the variant primer 'JH6 for Allele2' (rs1950943 GGT) were used for reverse transcriptase-PCR/cloning experiments and allowed to preferentially amplify each JH6 allele, in order to accumulate cDNA sequences from both JH6 alleles. These sequences were assigned to each allele not simply according to their preferential amplification with one of the JH primer but by reading the rs74454466 SNP downstream of the primers, thus independently of primer hybridization. Both JH primers allowed amplify VDJ-Ca1 transcripts by reverse transcriptase-PCR when used in conjunction with the reverse primer 'Ca1 rev' chosen within the Ca1 CH2 exon, thus simultaneously allowing to read allelic SNPs for JH6 (rs74454466) and Ca1 (rs1407).
Sequencing
Sequencing was done in both orientations using the BigDye Terminator v3.1 Cycle Sequencing Kit (Cat 4337455, Applied Biosystems), and analyzed with an Applied Biosystems 3130 XL apparatus. Sequences were compared with Multalin software (http://multalin.toulouse.inra.fr/multalin/).
